Reducing carbon emissions is a major concern for China's future. This paper explores the embodied carbon footprint of Chinese final demand from the point of view of industries. It uses the Matrix Transformation Technique (MTT) to update the input-output table series from 1992 to 2020 in China. Then, we measure the embodied carbon emissions for the period 1992-2020 from 29 industry producers to the final demand, covering urban and rural residential consumption, government consumption, fixed capital formation, and net exports. The results show that construction, other services, wholesale, retail trade, accommodation and catering, industrial machinery and equipment, transport, storage and postal services, and manufacture of foods and tobacco are the industries with the greatest carbon emissions from producers, while fixed capital formation and urban consumption are the largest emitters from the perspective of final demand. The embodied carbon emission multipliers for most of the industries are decreasing, while the total carbon emissions are increasing each year. The ratio of emissions from residential consumption in terms of total emissions is decreasing. Each industry has a different main final demand-driven influencing factor on emission and, for each type of final demand, there are different industries with higher emissions.
Introduction
The U.S.-China Joint Announcement on Climate Change on 12 November 2014 says China hopes to reach its carbon emission peak no later than 2030. The Paris Agreement under the United Nations Framework Convention on climate change on 12 December 2015 suggests that countries should reach a global peak of greenhouse gas emissions as soon as possible for developing countries. China should realize its emission reduction target as soon as possible according to the agreement. Thus, we should present an inventory of the carbon footprint of the Chinese economy. The paper will measure the carbon emissions from industries from 1992 to 2020 in China and relate the responsibility of these emissions from producers to consumers by means of input-output analysis. At the same time, China is actively exploring the economic restructuring promoted by domestic demand, which includes rural consumption, urban consumption, government consumption, fixed capital formation, and so on. Thus, the paper will also examine the impacts of final demand on carbon emissions to help improve the decision-making process on the reduction of emissions in China.
There are two methods to measure the carbon footprint. One is the life cycle assessment technique, which is a life cycle approach about a product carbon footprint [1, 2] . The other is the input-output analysis tool. This approach uses the input-output tables to track carbon emissions from industry sources through the production system to kinds of final demand. Therefore, this method is also a life-cycle approach to measure carbon emissions embodied in the goods and services consumed
Methodology

The Methodology of Calculating Emissions
The methodology of calculating emissions is outlined as follows [11] : Direct emissions from all industrial sources are denoted Q ind . Its elements {Q ind j } j=1,··· ,n can be calculated as follows:
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where Q j ind is the direct emission (ton) from industry sector j. M ij represents the sector j's consumption (ton or m 3 ) of the ith kind of fuel. C i is the net calorific value (NCV) (ton C/ton or ton C/m 3 ) of fuel i. K i is the carbon emission factor of fuel i. The direct emissions intensity is then calculated to describe emissions by industry sector per value of economic output of each industry sector as follows:
where q ind is the vector of direct emissions intensity (ton/10,000 yuan). Its elements {q ind j } j=1,··· ,n describe emissions by industry j per yuan of total output x of industry sector j. q ind represents only emissions produced directly in each industry, but not in upstream supplying industries. Total embodied emissions are then defined as all carbon emissions emitted in the production of a particular good or service. They are the full life-cycle emissions for the entire production chain and are referenced by the functional unit of final demand for the good or service. This measurement method about total embodied emissions is consistent with Life Cycle Assessment (LCA) technique. Gross output of an industry equals to the intermediate inputs of the whole industries, which cover raw material industries, energy industries, and the capital input and labor input into this industry according to the principle of the input-output table. Therefore, total embodied emission from an industry includes the emission of the whole inputs and is calculated based on the basic input-output relationship as follows.
where y is a diagonalized matrix of the vector of final demand, A is the direct consumption coefficient matrix of the input-output table and I is the n × n identity matrix. (I − A) −1 is the Leontief inverse matrix. In this equation, q ind (I − A) −1 represents the total embodied emission multiplier, which shows total life-cycle emissions associated with each yuan of final demand.
Updating Input-Ouput Table Series
Due to the fact that enormous financial costs and human efforts are required to compile input-output tables, benchmark IO tables are only published every five years by the National Bureau of Statistics of China. Additionally, they are often not harmonized over time. In order to investigate dynamic characteristics of China's carbon footprint and forecast future trends, we need the harmonized time series input-output tables from the past to the future. Zheng et al. [35] have updated China's input-output (IO) tables from 1992 to 2020. These IO table series are updated by MTT [34] , rather than the Biproportional Scaling Method (RAS), which is most commonly applied for forecasting IO tables. The idea of MTT is to forecast the elements in the input-output matrix one by one. Considering that there are several constraints in the input-output matrix which must always be satisfied in the forecasted IO matrix, the progress of MTT can be described in the following steps:
(1) Transform the benchmark IO matrix into an unconstrained matrix in which the elements can be freely forecasted. We divide the IO matrix into four quadrants. The first quadrant is the intermediate input and output part, the second quadrant is the final demand part, the third quadrant is the value added part and the fourth quadrant is GDP. Then the unconstrained matrix also can be divided into four quadrants. This unconstrained matrix is actually a coefficient matrix. The elements in the first quadrant of this matrix represent the proportion of the monetary value of the transactions between a pair of sectors (from Sector i to Sector j) to the total final demand of Sector i. Moreover, the elements in the third quadrant represent the ratio of each sector's value added to the last sector's value added; (2) Establish the Autoregressive Integrated Moving Average (ARIMA) model for each element (the coefficient) in the unconstrained matrix to forecast the corresponding element in the target years' unconstrained matrix;
Sustainability 2017, 9, 387 4 of 17 (3) Back-transform the unconstrained matrix into the input-output matrix of target years by inverse computation. The back-transformation process involves three steps. First, since the sum of all sectors' value added is equal to GDP, the first step is to use the target year's GDP data and the third quadrant of unconstrained matrix to compute each sector's value added. The forecast of GDP is based on China's 13th Five Year Plan and Bai et al. [36] which use the sum of labor production growth rate and population growth rate as the GDP growth rate. Second, use the value added data of each sector and unconstrained matrix to calculate the final demand of each sector. Third, use the final demand data and unconstrained matrix to calculate every element in the IO matrix. The specific process can refer to Zheng et al. [35] and Wang et al. [34] . The prominent advantage of MTT is that it takes into account that the transaction coefficients are changing over time while almost all of the existing methods, including the RAS method, rely heavily on the assumption that they will not dramatically change [34] .
This paper will subsequently calculate the direct carbon emission intensities, embodied carbon emission multipliers, and total embodied emissions of China's 29 industries with the updated input-output table series from 1992 to 2020.
Measurement of Embodied Carbon Emission
In addition to the input-output table series of China, two other main data sources have been used in this study. One are the China Energy Statistical Yearbooks from 2007 to 2014 [37] [38] [39] [40] [41] [42] [43] [44] , which provide various types of energy consumption by sectors. The energy consumption data of industrial sectors are derived from tables titled Final Energy Consumption by Industrial Sector (Physical Quantity) and that of agriculture, construction, and service sectors are derived from tables titled Consumption of Total Energy and its Main Varieties by Sector. The other is the IPCC Fifth Assessment Report and Guidelines for China's Provincial Greenhouse Gas Inventories [45] from which we can obtain net calorific values and carbon emission factors of each type of energy. It should be noted that the classification of industries in the input-output table series Zheng et al. updated is different from that of the China Energy Statistical Yearbooks, so we set 29 industries by considering the adjustment in the "National Industry Classification" (GB/T4754-2011).
With all of these data, we calculated the industry sector embodied carbon emissions of China from 1992 to 2020 by means of input-output analysis. The process can be described as follows:
Step 1: calculate the direct carbon emissions of 29 industries with Equation (1).
Step 2: compute the direct carbon emissions intensity of 1992-2014 with Equation (2) . When it comes to year 2015 and later, we do not have access to acquire energy consumption data, and the National Bureau of statistics did not publish the input-output table data after 2012. This is also the reason why the current studies on China's carbon footprint are still in place before 2014. However, how China's carbon footprint will change in the future (after 2015) under the current energy consumption structure is a more important point we should focus on. In order to calculate the total embodied carbon emissions and multipliers after 2014, we only need to obtain the direct carbon emission intensities of 2015-2020 since the input-output table series updated by Zheng et al. [35] contain the tables of 2013-2020. Thus, we have made an assumption here that the direct carbon emission intensities of 2015-2020 will remain the same as that of 2014.
Step 3: measure the 29 industries' embodied carbon emission multipliers and total embodied carbon emissions of 29 sectors from 1992 to 2020 with Equation (3).
Results and Discussion
Emissions in 2016
In 2016, overall embodied carbon emissions of final goods and services which include imports, but exclude exports, are 7251.9 million tons and the emissions are shown by sector in Figure 1 . Construction and manufacturing both contribute 28% of the total emissions, which are more than any other sectors. Other services, which include information transfer, software, and information technology services; finance; real estate; leasing and commercial services; research and experimental development; integrated technology service; geological prospecting, administration of water, environment, and public facilities; resident services and other services; education; health care, social insurance and social welfare; culture, sports, and entertainment; public administration and social organizations emit 27% of the total emissions, which is also relatively high. other sectors. Other services, which include information transfer, software, and information technology services; finance; real estate; leasing and commercial services; research and experimental development; integrated technology service; geological prospecting, administration of water, environment, and public facilities; resident services and other services; education; health care, social insurance and social welfare; culture, sports, and entertainment; public administration and social organizations emit 27% of the total emissions, which is also relatively high. Most of these sectors that contribute significantly to carbon emissions also contribute significantly to the economic well-being of China. The country has to make a balance between economics and environment since a lower carbon society and maintaining a growing economy are both goals to achieve. To investigate the social and economic contributions, we calculate value added to measure each sector's GDP and compare the relative contribution of each sector to overall GDP in China in 2016 ( Figure 2 ). As we expected, manufacturing and other services contribute 29% and 32% to the overall GDP, respectively. However, construction contributes only 7% to GDP, whilst producing 28% of China's emissions. In contrast, wholesale, retail trades, accommodation and catering contribute 12% to GDP, while producing only 6% of China's emissions. This is not difficult to understand since China is a country with large-scale construction. Over one-tenth of all the new buildings around the world every year come from China. In addition, the reconstruction rate of China's construction industry is relatively high and the quality of construction is poor. Another important reason for the high embodied emissions of construction is that large quantities of raw materials (such as cement) with high carbon emissions are used in construction. Although the Chinese government has been trying to encourage transformation of the construction industry, most of the green buildings still appear as public buildings or at key areas and the applications of green technology in construction are still inadequate.
The production of carbon emissions is not driven solely by the consumption of residents in China. In addition to current consumption, emissions are also embodied in exports for foreign consumers, plus emissions are embodied in purchases for common goods (government consumption), and in goods and services flowing into fixed capital formation. These categories of final demand (including rural residential consumption, urban residential consumption, government consumption, fixed capital formation, and net exports) are disaggregated in Figure 3 . We can see that carbon emissions embodied in goods and services flowing into fixed capital formations are the main source of China's total embodied carbon emissions, and next is urban residential consumption. Within fixed capital formation, construction and manufacturing almost contribute 90% of the emissions. Most of these sectors that contribute significantly to carbon emissions also contribute significantly to the economic well-being of China. The country has to make a balance between economics and environment since a lower carbon society and maintaining a growing economy are both goals to achieve. To investigate the social and economic contributions, we calculate value added to measure each sector's GDP and compare the relative contribution of each sector to overall GDP in China in 2016 ( Figure 2 ). As we expected, manufacturing and other services contribute 29% and 32% to the overall GDP, respectively. However, construction contributes only 7% to GDP, whilst producing 28% of China's emissions. In contrast, wholesale, retail trades, accommodation and catering contribute 12% to GDP, while producing only 6% of China's emissions. This is not difficult to understand since China is a country with large-scale construction. Over one-tenth of all the new buildings around the world every year come from China. In addition, the reconstruction rate of China's construction industry is relatively high and the quality of construction is poor. Another important reason for the high embodied emissions of construction is that large quantities of raw materials (such as cement) with high carbon emissions are used in construction. Although the Chinese government has been trying to encourage transformation of the construction industry, most of the green buildings still appear as public buildings or at key areas and the applications of green technology in construction are still inadequate.
The production of carbon emissions is not driven solely by the consumption of residents in China. In addition to current consumption, emissions are also embodied in exports for foreign consumers, plus emissions are embodied in purchases for common goods (government consumption), and in goods and services flowing into fixed capital formation. These categories of final demand (including Sustainability 2017, 9, 387 6 of 17 rural residential consumption, urban residential consumption, government consumption, fixed capital formation, and net exports) are disaggregated in Figure 3 . We can see that carbon emissions embodied in goods and services flowing into fixed capital formations are the main source of China's total embodied carbon emissions, and next is urban residential consumption. Within fixed capital formation, construction and manufacturing almost contribute 90% of the emissions. 
Carbon Emission Multipliers from 1992 to 2020
The carbon emission multiplier of an industry shows the total life-cycle emissions associated with unit final demand. It is different from direct emission intensity, which shows only direct emission per production value. By the multipliers of final demand we can determine the industries with the highest emissions in China and tell consumers that they should reduce consumption from higher-multiplier industries in order to cut down carbon emissions. We have calculated the carbon emission multipliers of 29 industries from 1992 to 2020 by employing the method described in Section 2 (see Table 1 ). 
The carbon emission multiplier of an industry shows the total life-cycle emissions associated with unit final demand. It is different from direct emission intensity, which shows only direct emission per production value. By the multipliers of final demand we can determine the industries with the highest emissions in China and tell consumers that they should reduce consumption from higher-multiplier industries in order to cut down carbon emissions. We have calculated the carbon emission multipliers of 29 industries from 1992 to 2020 by employing the method described in Section 2 (see Table 1 ). The second column titled "Intensity" are direct carbon emission intensities of each industry. The units of intensity and multiplier are both ton/thousand yuan. Due to the assumption that the direct carbon emission intensities of 2015-2020 remain unchanged, the multipliers begin to increase a little after 2017. This reflects the impact of changes in the structure of energy consumption on the multipliers.
Several conclusions can be made from Table 1 . Firstly, we have exhibited the direct carbon intensities of 2014 to compare them with the carbon emission multipliers. The carbon emission multipliers are much higher than the direct carbon emission intensities for all industries. Thus, we should use multipliers instead of intensities as the measurement to help making low-carbon development policies because multipliers take into account the full life-cycle emissions for the entire production chain. Secondly, almost all industries' multipliers are gradually declining over time which prove China's low-carbon development policy in the past two decades worked efficiently. However, the multiplier ranking among the 29 industries almost remained the same during this period and, especially after 1997, transport, storage, and postal services, manufacture of non-metallic mineral products, processing of petroleum, coking, processing of nuclear fuel, smelting, and processing
of metals, construction, and manufacture of chemical products stably rank near the top, while comprehensive use of waste resources, production and distribution of tap water, and wholesale, retail trade, accommodation, and catering keep ranking last. This phenomenon indicates that the industrial carbon emission structure of China did not significantly change over time. Thus, it is necessary to accelerate technology transition of high-carbon emission industries to improve the efficiency of energy utilization and to guide the customers to reduce their consumption of goods or services with high embodied carbon emission multipliers in order to reach the goal of a lower carbon society and sustainable development.
Embodied Carbon Emissions from 1992 to 2020
In this section we will analyze the embodied carbon emissions of China from four aspects. Firstly, this paper will analyze the total embodied carbon emissions from 1992 to 2020 by categories of six types of final demand in order to understand more deeply the structure and trend of China's carbon emissions. In order to consider comprehensively, we not only calculate the embodied carbon emissions under the assumption that the direct carbon emission intensities of 2015-2020 will remain constant, but also calculate the embodied carbon emissions under three other different assumptions: the direct carbon emission intensities of 2015-2020 will decrease 3% a year, decrease 6% a year and increase 3% a year, respectively. The specific results are shown in Figure 4 .
From Figure 4 , we can see that there is a slight decline of the total amount of embodied carbon emissions after 2019 in Figure 4c (direct carbon emission intensities will decrease 6% a year), while in the other three figures the total amount of embodied carbon emissions of China is increasing year by year. That is to say unless China continue vigorously improves the energy consumption structure and makes the direct carbon emission intensities decrease no less than 6%, China will not reach the peak before 2020. Figure 4 also indicates that emissions from fixed capital formation and residential consumption (especially urban residential consumption) are the main sources of carbon emissions in China and they are increasing. An additional line has been drawn in each figure to show the ratio of emissions caused by residential consumption in total national emissions and we can see it is in a downward trend but has remained above 30% over time.
Secondly, this paper determines which industries produce the largest carbon emissions and by which type of final demand these emissions are caused. In Figure 5 , we chose six industries with higher emissions in 29 industries to show their total embodied carbon emissions from 1992 to 2020 by the type of final demand, respectively. These six industries are other services, construction, wholesale, retail trade, accommodation and catering, industrial machinery and equipment, transport, storage, and postal services, and foods and tobacco.
We can see that each industry's total embodied carbon emissions are increasing by year and will not reach the peak before 2020. However, each industry has a different main influencing factor on emissions. For example, the main factors of other services are government consumption and urban residential consumption. The one of construction and manufacture of general and special purpose machinery is fixed capital formation. Especially, urban residential consumption is the increasing main factor on emission for many industries, while the gap between carbon emission caused by urban and rural residents' consumption is wider and wider. This conclusion is similar to other studies, such as Zhu et al. [21] , Zhang [22] , Liu et al. [23] , Fan et al. [24] , and Zhang et al. [26] Otherwise, overseas demand is also a main factor on emission for the export-oriented industries, whereas net import industries have a negative impact on emission of these industries. Therefore, it can be concluded here that adjusting the final demand structure is one potential way to reduce the carbon emissions in China.
industries have a negative impact on emission of these industries. Therefore, it can be concluded here that adjusting the final demand structure is one potential way to reduce the carbon emissions in China. We start with the analysis of carbon emissions from rural residential consumption (Table 2) . From this table, we can see that agriculture, other services and manufacture of foods and tobacco, etc., are the main emission industries caused by rural residential consumption. The total emissions of these six industries take up more than 65% of the total emission of all industries and the ratio rises from 64.9% in 1992 to 80.2% in 2020. Thus, if we want to reduce the rural residents' emissions, their consumption of these industries' products and services should be first taken into account. We start with the analysis of carbon emissions from rural residential consumption (Table 2) . From this table, we can see that agriculture, other services and manufacture of foods and tobacco, etc., are the main emission industries caused by rural residential consumption. The total emissions of these six industries take up more than 65% of the total emission of all industries and the ratio rises from 64.9% in 1992 to 80.2% in 2020. Thus, if we want to reduce the rural residents' emissions, their consumption of these industries' products and services should be first taken into account. Table 3 is about the carbon emissions from urban residential consumption. Other services, manufacture of foods and tobacco, and agriculture, etc., are the main six industries that produce carbon emissions caused by urban residential consumption, which is the same as rural residential consumption. However, the difference is that the ratio of emissions produced by other services from urban residential consumption is significantly higher than that from rural residential consumption, while the ratio of emissions produced by agriculture is in the opposite situation. The total emissions of these six industries account for more than 65% of the total emissions of all industries and the ratio rises from 68.5% in 1992 to 78.7% in 2020. Thus, if we want to reduce the urban residents' emissions, their consumption of these industries' products and services should be first taken into account. Table 4 is about the carbon emissions from government consumption. We can see that, after 1997, other services, transport, storage, and postal services and agriculture produce 100% of the carbon emissions caused by government's consumption. Especially, in terms of final consumption, agriculture, transport, storage, and postal services and other services are the three main emission industries caused by every type of final consumption (rural, urban, and government). Thus, the reduction of these three sectors' embodied carbon emissions can cut down the emissions caused by final consumptions. Table 3 is about the carbon emissions from urban residential consumption. Other services, manufacture of foods and tobacco, and agriculture, etc., are the main six industries that produce carbon emissions caused by urban residential consumption, which is the same as rural residential consumption. However, the difference is that the ratio of emissions produced by other services from urban residential consumption is significantly higher than that from rural residential consumption, while the ratio of emissions produced by agriculture is in the opposite situation. The total emissions of these six industries account for more than 65% of the total emissions of all industries and the ratio rises from 68.5% in 1992 to 78.7% in 2020. Thus, if we want to reduce the urban residents' emissions, their consumption of these industries' products and services should be first taken into account. Table 4 is about the carbon emissions from government consumption. We can see that, after 1997, other services, transport, storage, and postal services and agriculture produce 100% of the carbon emissions caused by government's consumption. Especially, in terms of final consumption, agriculture, transport, storage, and postal services and other services are the three main emission industries caused by every type of final consumption (rural, urban, and government). Thus, the reduction of these three sectors' embodied carbon emissions can cut down the emissions caused by final consumptions. Note: a industry numbers: 1, Agriculture; 6, Manufacture of foods and tobacco; 27, Transport, storage, and postal services; 28, Wholesale, retail trades, accommodation, and catering; 29, Other services. b the total ratio of embodied emissions produced by these six chosen industries in the total embodied emissions from rural residential consumption. c TE (Mt) is the total amount of the embodied carbon emissions caused by rural residential consumption in each year with unit of million tons. From Table 5 we can see that the total embodied carbon emissions of construction, manufacture of general and special purpose machinery, manufacture of transportation equipment, manufacture of electrical machinery and equipment, and other services take up more than 90% of the total emissions caused by fixed capital formation. Thus, through the research on these industries, we can learn about the structure of the source of carbon emissions caused by fixed capital formation. Fourthly, we focus on the forecast part and the energy structure. Figure 6 shows the final demand of 20 industries in 1992~2020 which are forecasted by Zheng et al. [35] . Figure 7 shows the embodied carbon emissions of 20 industries from 1992 to 2020 in 4 situations-(a) the direct carbon emission intensities will stay constant; (b) the direct carbon emission intensities will decrease 3% a year; (c) the direct carbon emission intensities will decrease 6% a year; (d) the direct carbon emission intensities will increase 3% a year. From Figures 6 and 7 we can get two conclusions. First, the final demands of all industry are growing by years after 2015. Moreover, those industries with higher final demand also produce higher embodied carbon emissions such as wholesale retail trades accommodation and catering, manufacture of foods and tobacco, manufacture of general and special purpose machinery and manufacture of transportation equipment. So adjusting the scale of industries with high emissions is also a way to reduce the carbon emissions of China. Second, from Figure Embodied carbon emissions(t) Embodied carbon emissions(t) 
Conclusions
This paper first calculated the carbon emissions of China's 29 industries from 1992 to 2020 by the matrix transformation method based on input-output table series. Then we analyzed the current situation of China's carbon footprint and predicted its trend in the future.
The process of calculating carbon emissions can be delineated as follows: first, we calculate the direct carbon emission intensities of China's 29 industries from 1992 to 2014 by the matrix transformation method with the data from the China Energy Statistical Yearbook, Guidelines of IPCC and input-output time-table series; then we assumed that the direct carbon emission intensities of 2015-2020 remained the same as that of 2014 and used the direct carbon emission intensities of 1992-2020 to calculate the embodied carbon emission multipliers of China's 29 industries from 1992 to 2020; finally, we calculated the total embodied carbon emissions of China's 29 industries from 1992 to 2020 and split them by the categories of final demand. Through the analysis of the results we obtain some important conclusions.
First, we found that China could not reach the carbon emission peak before 2020. Thus, we found those industries which contribute significantly to China's total carbon emissions and in rapid growing trends. They are construction, transport, storage, and postal services, manufacture of general and special purpose machinery, and industries associated with living consumption. Second, the embodied carbon emission multipliers for most industries are decreasing, while industrial carbon emission structures of China did not significantly change over time. Third, fixed capital formation and urban residential consumption are the largest part of emissions from the point of final demand. However, the ratio of emissions from residential consumption in total emissions is decreasing. Finally, each industry has different main final-demand-driven influencing factors on emissions and, for each type of final demand, there are different industries with higher emissions.
In terms of policy relevance, we propose the following viewpoints from the emissions inventories (production perspective) and carbon footprint (final demand perspective) in accordance with our research: Firstly, the industries relative to fixed capital formation, such as construction, and manufacture of general and special purpose machinery, should cut carbon emissions because these industries are the main emission industries and fixed capital formation is the greatest part of emissions from the perspective of final demand. Secondly, we must control the carbon emissions from residents' consumption, especially urban residents. The government should take some measures to change residents' consumption attitudes and to encourage them to consume with low carbon in mind.
